Small single crystals of the Sm 5 Ge 4 -type (space group Pnma) germanides RE 2 Nb 3 Ge 4 (RE = Sc, Y, Gd-Er, Lu) and Sc 2 Ta 3 Ge 4 were synthesized by arc-melting of the respective elements. The samples were characterized by powder and single-crystal X-ray diffraction. In all structures, except for Sc 2.04 Nb 2.96 Ge 4 and Sc 2.19 Ta 2.81 Ge 4 , the rare earth and niobium atoms show full ordering on the three crystallographically independent samarium sites of the Sm 5 Ge 4 type. Two sites with coordination number 6 are occupied by niobium, while the slightly larger site with coordination number 7 is filled with the rare earth element. Small homogeneity ranges with RE/Nb and RE/Ta mixing can be expected for all compounds. The ordered substitution of two rare earth sites by niobium or tantalum has drastic effects on the coordination number and chemical bonding. This was studied for the pair Y 5 Ge 4 /Y 2 Nb 3 Ge 4 . Electronic structure calculations show larger charge transfer from yttrium to germanium for Y 5 Ge 4 , contrary to Y 2 Nb 3 Ge 4 which shows stronger covalent bonding due to the presence of Nb replacing Y at two sites.
Introduction
Rare earth-based intermetallic compounds with orthorhombic Sm 5 Ge 4 -type structure have attracted considerable interest among solid state physicists and chemists, when the giant magnetocaloric effect was discovered in Gd 5 Si 2 Ge 2 [1 -7, and refs. therein]. These materials have intensively been investigated with respect to solid solutions on both the rare earth and the p-element sites in order to improve the magnetocaloric properties. Depending on composition and temperature, samples of these solid solutions show substantial structural distortions.
The Sm 5 Ge 4 structure [8, 9] has three crystallographically independent samarium sites, 8d (2×) and 4c, with different coordination numbers (CN). The 4c and one of the 8d sites have distorted octahedral germanium coordination (CN 6) while the other 8d site has CN 7 in slightly distorted pentagonal bipyramidal coordination. These different coordination motifs imply that an ordered substitution with larger and smaller atoms should be possible. This was first realized for Ce 2 Sc 3 Si 4 [10, 11] and later for a series of compounds with an ordering of larger and smaller (mainly scandium) rare earth atoms [12 -21] . Isotypic compounds are also formed with the electron-poor transition metals Ti [22 -24] , Nb and Ta [25 -31] , as well as Mo and W [32 -38] . Most of these compounds were characterized only on the basis of powder X-ray diffraction. In many cases, even long annealing sequences did not yield sufficiently large crystals. Some of these ordered compounds exhibit interesting magnetic properties. U 2 Nb 3 Ge 4 and U 2 Ta 3 Ge 4 are ferromagnets with comparatively high Curie temperatures of 130 and 105 K, respectively [27] , while Tb 2 Nb 3 Si 4 and Ho 2 Nb 3 Ge 4 are ordered antiferromagnetically at much lower Néel temperatures of 19 and 25 K [28] .
Well-shaped single crystals of the RE 2 Nb 3 Ge 4 germanides have been obtained in our group during synthesis attempts for RE 4 Zn 5 Ge 6 and RE 5 Zn 4−x Ge 6 samples [39] through drastic attack of the niobium ampoules. Subsequently we obtained suitable single crystals of these compounds from a targeted synthesis through repeated arc-melting sequences. The crystal chemical details of these germanides are reported herein.
Experimental

Synthesis
Starting materials for the synthesis of the germanides RE 2 Nb 3 Ge 4 (RE = Sc, Y, Gd, Tb, Dy, Ho, Er) and Sc 2 Ta 3 Ge 4 were ingots of the rare earth metals (Johnson Matthey and smart elements), niobium and tantalum powder (Strem Chemicals) and lumps of germanium (Wacker), all with a stated purity better than 99.9 %. The rare earth metal pieces, the germanium lumps and the niobium (tantalum) powder were weighed in the 2 : 3 : 4 atomic ratios. The germanium lumps were first ground to a fine powder, mixed with the niobium (tantalum) powder and pressed to a pellet. Then the rare earth metal pieces and the pellets were arc-melted in a water cooled copper crucible [40] under an argon atmosphere of about 700 mbar. The argon was purified over titanium sponge (900 K), silica gel, and molecular sieves. The resulting pellet was re-melted several times from each side to ensure homogeneity. Subsequently the product pellets were ground to a homogeneous powder, pressed again to pellets and arc-welded from each side.
Crystals of columnar shape grew on the surface of the product buttons. They could easily be separated mechanically from the carefully crushed buttons. No reaction with the crucible material could be detected. The silvery polycrystalline samples are stable in air over months.
EDX data
Polished micro-sections of each sample as well as the measured crystals were analyzed using a Zeiss EVO MA10 scanning electron microscope with Y, Nb, Ta, Ge, and the rare earth trifluorides as standards. No impurity elements heavier than sodium (detection limit of the instrument) were observed. Both the polished micro-sections and the crystals showed nearly identical compositions which were in good agreement with the ideal ones.
X-Ray diffraction
The polycrystalline samples were characterized by Guinier patterns (imaging plate detector, Fujifilm BAS-1800) with Cu K α1 radiation and α-quartz (a = 491.30, c = 540.45 pm) as an internal standard. Correct indexing of the patterns was ensured through intensity calculations [41] using the single crystal data. The orthorhombic lattice parameters (Table 1) were refined by least-squares calculations.
Single crystals of high quality with a columnar shape were selected from the carefully crushed symples. For quality control every crystal was first checked by Laue photographs on a Buerger camera with white Mo radiation. The intensity data sets were collected at room temperature using a Stoe IPDS-II imaging plate diffractometer in oscillation mode (graphitemonochromatized Mo K α radiation) and a Stoe StadiVari equipped with a Mo microfocus source and a Pilatus 100 K Detector with a hybrid-pixel sensor. Numerical absorption corrections were applied to all data sets. Details about the data collections and the crystallographic parameters are summarized in Tables 2 and 3 .
Structure refinements
The data sets of the nine crystals showed primitive orthorhombic lattices, and the systematic extinctions were compatible with space group Pnma. The standardized atomic parameters of Ce 2 Sc 3 Si 4 [10] were taken as starting values and the structures were refined with the JANA2006 package [42, 43] or SHELXL-97 [44, 45] with anisotropic atomic displacement parameters for all atoms. The data sets of the scandium compounds showed small deviations from the ideal composition, a consequence of Sc/Nb respectively Sc/Ta mixing on the three crystallographically independent samarium sites of the Sm 5 Ge 4 type [9] . The mixed occupancies were refined as least-squares variables in the final cycles, leading to the compositions listed in Tables 2 and 3 
Computational details
For the investigations of the electronic structures and the properties of bonding we considered binary Y 5 Ge 4 [6] and Y 2 Nb 3 Ge 4 as representative of the title compounds. The input parameters are those of the experimental crystal structure parameters. All-electron calculations were carried out for a full description of the atom-resolved electronic structures and the properties of chemical bonding. They were performed using the full-potential scalar-relativistic augmented spherical wave (ASW) method [46, 47] built within the wellestablished quantum theoretical framework of the density functional theory (DFT) [48, 49] with the generalized gradient approximation (GGA) functional for the effects of exchange and correlation following the scheme of Perdew et al. [50] . In the ASW method, the wave function is expanded in atom-centered augmented spherical waves, which are Hankel functions and numerical solutions of Schrödinger's equation, respectively, outside and inside the so-called augmentation spheres. In the minimal ASW basis set, we chose the outermost shells to represent the valence states, and the matrix elements were constructed using partial waves up to l max +1 = 3 for Y and Nb and l max +1 = 2 for Ge. For the latter, at low energy lying filled 3d 10 states were considered as core states, i. e. not considered in the valence basis set. Selfconsistency was achieved when charge transfers and energy changes between two successive cycles were below 10 −8 and 10 −6 eV, respectively. The Brillouin zone integrations were performed using the linear tetrahedron method within the irreducible wedge [47] . The calculations were carried out assuming spin degenerate configuration.
Besides the site projected density of states (PDOS), we discuss qualitatively the pair interactions based on the overlap population analysis with the crystal orbital overlap population (COOP) [51] . In the plots, positive, negative, and zero COOP magnitudes indicate bonding, anti-bonding, and nonbonding interactions, respectively.
Discussion
Crystal chemistry
Single crystals of the germanides RE 2 Nb 3 Ge 4 and RE 2 Ta 3 Ge 4 can be grown by repeated arc-melting of samples of the ideal starting compositions. These germanides crystallize with the orthorhombic Ce 2 Sc 3 Si 4 structure [10, 11] , space group Pnma, a ternary ordered Sc * a 8d -0.00721 (6) [8, 9] . Only the two scandium compounds show Sc/Nb respectively Sc/Ta mixing. This could have been expected. Scandium is the smallest rare earth element and closer in size to niobium and tantalum. Nevertheless, small homogeneity ranges can be expected for all of these compounds.
Although the magnetic data of these niobium and tantalum compounds have been reported [28] , a detailed crystal chemical discussion has not been performed, since precise single-crystal data were not available. In the following discussion we exemplarily focus on the structure of Gd 2 Nb 3 Ge 4 .
The cation sites 8d (2×) and 4c are occupied in an ordered manner by gadolinium (8d), Nb1 (8d) and Nb2 (4c) atoms. In going from Gd 5 Ge 4 [6] to Gd 2 Nb 3 Ge 4 , we observe a drastic decrease of the lattice parameters: a = 769.84 pm → 700.98 pm, b = 1483.72 pm → 1353.6 pm, c = 778.72 pm → 717.87 pm. This is a direct consequence of the difference in the atomic radii [52] between gadolinium (180 pm) and niobium (125 pm). The shrinking of the unit cell has direct consequences on the metal coordination. While the three crystallographically independent gadolinium sites in Gd 5 Ge 4 all have CN6 (299 -325 pm for Gd1, 289 -308 pm for Gd2 and 299 -317 pm for Gd3), we observe differences in Gd 2 Nb 3 Ge 4 . Nb1 (273 -288 pm) and Nb2 (263 -277 pm) still have CN6, but the gadolinium atoms have CN7 with Gd-Ge distances ranging from 286 to 310 pm. In view of these differences in coordination number, Gd 5 Ge 4 and Gd 2 Nb 3 Ge 4 are, strictly speaking, rather isopointal [53, 54] than isotypic. The Nb-Ge distances for the two crystallographically independent niobium atoms in Gd 2 Nb 3 Ge 4 range from 263 to 288 pm, slightly longer than the sum of the covalent radii of 256 pm [52] . Similar Nb-Ge distances have been observed in the A15 superconductor Nb 3 Ge (287 pm) [55] and in NbGe 2 (269 -290 pm) [56] . We can thus assume a considerable degree of covalent NbGe bonding in Gd 2 Nb 3 Ge 4 . Fig. 1 gives a view of the Gd 2 Nb 3 Ge 4 structure approximately along the z axis. The Nb2 atoms lie on the mirror planes at y = 1/4 and y = 3/4 and have almost regular octahedral germanium coordination. These Nb2Ge 6 octahedra are condensed via common corners within the mirror planes (Fig. 2) . In order to keep sufficient Nb-Ge bonding for these octahedra (as compared to Gd 5 Ge 4 ), the unit cell is shrinking in b direction (vide supra). This further influences the Ge-Ge interactions. Ge 2 dumbbells and isolated atoms (i. e. no Ge-Ge bonding) in Gd 5 Ge 4 , but weak inter-layer GeGe bonding (272 pm Ge3-Ge3) in Gd 2 Nb 3 Ge 4 .
The connectivity of the two NbGe 6 and the GdGe 7 building units is shown in Fig. 2 . The Nb1Ge 6 and GdGe 7 units are connected via common edges leading to strands that extend in x direction. Both of these strands condense with the network of Nb2Ge 6 octahedra via common faces, forming the densely packed structure.
Finally we draw back to the germanium substructures in Gd 5 Ge 4 and Gd 2 Nb 3 Ge 4 . To a first approximation one can consider the isolated Ge 4− units (no interlayer Ge-Ge bonding) and Ge 6− 2 dumbbells (269 pm Ge-Ge) for the anionic part of the structure that is opposed to five Gd 3+ cations. This would result in a Zintlprecise formulation (5Gd 3+ )(2Ge 4− )(Ge 6− 2 ) . e − . Considering that the Ge-Ge bonds are longer than in elemental germanium (245 pm) [57] , the excess electron can also be counted at the germanium dumbbell, weakening its bond. Such a simple electron count is not possible for Gd 2 Nb 3 Ge 4 : (i) the niobium atoms deliver more valence electrons and (ii) the inter-layer Ge-Ge distances become much shorter (272 pm). These differences in chemical bonding are addressed in more detail in the following paragraph using the crystallographic data of Y 5 Ge 4 [6] and Y 2 Nb 3 Ge 4 . The use of the yttrium compounds facilitates the electronic structure calculations (no f -electron contribution).
Electronic structure charge trends and chemical bonding
The site projected density of states PDOS is shown in Fig. 3 . The energy reference along the x axis is with respect to the Fermi level (E F ). From their electronic configurations already at the atomic state, Y ({Kr}, 4d 1 , 5s 2 ), the Y(d) PDOS is found centered above E F within the (empty) conduction band. Below E F within the valence band (VB) the similar PDOS shapes between the different constituents signal quantum mixing between the valence states, especially the itinerant part of Y(d) with Ge(p) in the energy windows -4 eV to E F . At lower energy, between −10 and −7 eV, less mixing between Y and Ge PDOS signals less s-like bonding at low energies (cf. Fig. 4) . The lower panel illustrating the PDOS for the ternary compound shows differences due to the presence of Nb which brings two more electrons, Nb ({Kr}, 4d 4 , 5s 1 ). The result is a broader and more structured PDOS zone extending 5 eV below the top of VB. E F crosses larger PDOS arising from niobium (Nb2) whereas a deep minimum at E F was observed for the binary compound. The lower part of the VB shows similar features as in the above panel but with less sharp and broader PDOS. These features point to a more covalently bonded ternary compound. This is illustrated from the total COOP for the chemical bonding within the crystal studied comparatively for the two compounds in Fig. 4 . As suggested by the DOS analysis, the bonding is mainly in the energy zone below E F with the same extension as in the DOS, i. e. 4 eV in the binary compound and 5 eV in the ternary compound with larger intensity. The whole range of the VB is of bonding nature (positive COOP magnitudes). From visual inspection the bonding in the ternary compound is stronger. Since the bonding occurs where the electrons are, i. e. within the VB, we further quantify this observation by establishing statistics on the COOP intensities. On the right hand side panels, the COOPs are reproduced for the VB only. The inserts show the summations with the Σ values which are such that a stronger overall bonding can clearly be identified for Y 2 Nb 3 Ge 4 .
These results can be further quantified by assessing the partial charges on each atomic constituent after self-consistent convergence. The analysis is based on Bader's 'Atom in Molecule' theory [58] . Typically in chemical systems, the charge density reaches a minimum between atoms, and this is a natural region to separate them from each other. Such an analysis does not constitute a tool for evaluating absolute ionizations but allows establishing trends between similar compounds. The values obtained for Y 5 Ge 4 and Y 2 Nb 3 Ge 4 are listed in Table 6 . The charge transfers are from Y to Ge in Y 5 Ge 4 and from Y/Nb to Ge in Y 2 Nb 3 Ge 4 . In the 'cationic' substructure the major effect is brought about by Nb which releases less charge due to its higher electronegativity (χ = 1.60) with respect to Y (χ = 1.22). Focusing on the germanium substructures, there is a lower charge transfer in Y 2 Nb 3 Ge 4 . The charge analyses confirm the trend of stronger covalent bonding upon partial substitution of Y by Nb.
